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A CAD Model for Creep Behavior of
RF-MEMS Varactors and Circuits
Hao-Han Hsu, Student Member, IEEE, and Dimitrios Peroulis, Member, IEEE
Abstract—In this paper, we propose a compact computer-aided
design (CAD) model that may be utilized to simulate the creep
behavior of RF microelectromechanical systems (RF-MEMS)
varactors in RF circuits and subsystems. This model is capable
of calculating the long-term response of RF-MEMS devices to
an arbitrary input waveform. It is implemented using Agilent’s
Advanced Design System (ADS). The presented CAD model em-
ploys the generalized Voigt–Kelvin model to capture the long-term
behavior of RF-MEMS devices. It is experimentally validated
with measurements of Ni varactors that extend up to 760 h of
constant loading. Its effectiveness is demonstrated with a tun-
able RF-MEMS resonator and an RF-MEMS phase shifter. The
tunable resonator that consists of one   coplanar waveguide
resonator and two nanocrystalline-Ni RF-MEMS varactors is
fabricated and measured. -parameters of this tunable resonator
have been recorded for 80 h under a bi-state bias condition of
0 and 40 V. It is shown that the resonant frequency is shifted
by 90 MHz and the varactor deformed by 0.12 m over the
80-h period. Good agreement between the CAD model and the
measurements is obtained. The impact of the duty factor of the
bias signal is also discussed. The model’s capability of handling
arbitrary input is demonstrated on an RF-MEMS phase shifter
operated with a sawtooth waveform.
Index Terms—Computer-aided design (CAD) model, creep,
nickel, RF microelectromechanical systems (RF MEMS), vis-
coelasticity.
I. INTRODUCTION
A S RF microelectromechanical systems (RF-MEMS)devices approach their market potential, understanding
and modeling their failure modes becomes increasingly impor-
tant. Potential reliability issues include dielectric charging [1],
stiction [2], fatigue [3], contact degradation [4], and creep/vis-
coelasticity [5]–[10]. Computer-aided design (CAD) models
that can predict the behavior of RF-MEMS devices and their
circuit applications in the presence of these failure modes are
on high demand.
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The term creep signifies, in general, the tendency of mate-
rials such as metals and polymers to slowly deform when sub-
ject to a constant load [11]. It is also referred to as viscoelas-
ticity because of the material’s tendency to exhibit both viscous
and elastic characteristics under an applied force. For example, a
constant axial load applied to a beam may cause a progressively
increasing axial elongation. Several researchers study these phe-
nomena and mechanisms in detail [5]–[8]. Creep can be found
in many materials widely used in RF-MEMS, including Au,
Al, and Ni. Vicker-Kirby et al. reported anelastic phenomena
in MEMS cantilever accelerometers made of Si, Ni, and Au [5]
for 30 h. It was demonstrated that Ni is more resistant to creep
than Au. Tuck et al. conducted a creep test on polysilicon beams
for 600 s at 1072 K and above [6]. Electrical and mechanical
failure due to dopant migration and oxidation were reported.
van Gils et al. performed an experiment on an Al RF-MEMS
switch for 15 h [7]. Yan et al. performed a stress-relaxation test
on an Au thin film using a bulge test technique for 80 h [9].
The linearity of viscoelasticity in such films was demonstrated
using a cyclic-loading test. Chasiotis et al. conducted an investi-
gation into the strain-rate effects on the mechanical behavior of
nanocrystalline Au films [8]. It is reported that dislocation creep
might be the cause of the decrease of the maximum strength,
effective Young’s modulus, and yield strength in Au thin film
at low strain rate. The authors experimentally studied the vis-
coelastic behavior in analog RF-MEMS varactors up to 1400 h
[10]. Based on the long-term measurement of capacitance, the
dynamic spring constant was defined to describe the long-term
behavior in RF-MEMS devices.
The studies above provide insights into potential failure
modes in RF-MEMS devices. However, to the authors’ best
knowledge, CAD models for creep/viscoelasticity that can be
employed in RF-circuit design are not available in the open
literature. In this paper, the authors expand their previous work
on tunable RF-MEMS resonators [12] and present a CAD
model for creep behavior in RF-MEMS varactors and circuits.
This model calculates the time-dependent capacitance and gap
of an RF-MEMS varactor under arbitrary bias voltage based
on an experimentally obtained creep compliance. The model
validation is done with measurements of constant loading that
last up to 760 h. Two RF-MEMS circuits, a tunable resonator,
and a phase shifter are employed to demonstrate the usefulness
of this CAD model. The time-dependent gap and resonant
frequency of the tunable RF-MEMS resonator are measured
for 80 h and show good consistency to the simulation results
obtained from this model. The behavior under variable duty
factors of the bias signal is also studied. A phase shifter com-
posed of transmission lines and ten RF-MEMS varactors is
simulated using this model. Its creep behavior under a sawtooth
0018-9480/$26.00 © 2011 IEEE
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Fig. 1. Circuit schematic of the proposed CAD model. (a) Four-port ADS model. (b) Equivalent-circuit model.
input waveform is investigated. This model may be used in
higher level simulations to understand the behavior of the
whole system in long-term operation.
II. CAD MODEL FOR CREEP
The goal of this CAD model is to show the performance
change of RF circuits/sub-systems at various time points under
the effects of creep. Our goal is not to distinguish between the
different physical mechanisms responsible for creep. The au-
thors rather focus on an easy-to-use model for RF design at
the system and subsystem levels. Hence, a behavioral model,
the generalized Voigt-Kelvin model, is adopted to simplify and
speed up the simulation. This model is based on an experimen-
tally extracted parameter called creep compliance. All mech-
anisms and physics behind creep, such as grain-boundary dif-
fusion and dislocation movements, are enveloped in this creep
compliance, and they are not discussed in detail in this paper.
A. Varactor Model
The creep compliance is one of the critical parameters to char-
acterize creep. It is defined as [13]
(1)
where is the strain as a function of time and is the ap-
plied constant stress. The generalized Voigt–Kelvin model is
widely used to describe a viscoelastic system of multiple time
constants, which consists of elastic springs and dampers. The
creep compliance of this model is given by
(2)
where is the th time constant and is the th elastic mod-
ulus. The first term in (2) is the instant elasticity, and the second
term represents the delayed elasticity. The response to an arbi-
trary stress input can be calculated using the Boltzmann super-
position principle
(3)
where is the strain and is the strain at . The
creep compliance can be considered as the unit-step response
of this viscoelastic system. The convolution integral superposes
the unit-step response according to the derivative of the stress
input. This process accounts for the entire input history and can
be used to calculate the behavior of RF-MEMS devices. By ap-
plying beam theory, it can be shown that the maximum deflec-
tion of a beam is given by
(4)
where is the Young’s modulus, is the spring constant at
, and is the applied force.
The CAD model that consists of a four-port equation-based
nonlinear component is implemented in Agilent’s Advanced
Design System (ADS), as shown in Fig. 1(a) [14]. Though this
component is not capable of computing the convolution integral
in (4) in the time domain, the frequency response of each port
can be assigned to this component and thus this integral can be
computed in the frequency domain. The frequency-domain ex-
pression of (4) is required in the computation of the varactor
deflection. In the frequency domain, it can be rewritten as
(5)
(6)
where , , and are the corresponding Fourier
transforms.
The equations of this four-port component are
(7)
where and are the voltage and current of port , is the
initial gap of the varactor, is the capacitance of the var-
actor as a function of gap, and is the electrostatic
force exerted on the varactor when the bias voltage is and
the gap is . The bias voltage applied to the RF-MEMS varactor
is taken from port 1. The current that flows into port 1 can be any
arbitrary value without altering the simulation result; therefore,
it is set to zero for simplicity. Port 2 represents the electrical in-
terface of the varactor to the RF circuit. The equivalent circuit
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of this four-port model can be found in Fig. 1(b). Nodes A and
B correspond to the two RF nodes of the varactor. In this case,
the varactor is shunt to a transmission line. The texts “RF in”
and “RF out” stand for RF input and output, respectively. The
currents of ports 3 and 4 are defined as the deflection and ca-
pacitance of the varactor, respectively. The deflection at port 3
is calculated based on (4). A finite-element analysis (FEA) tool
is utilized to calculate and to include the
effects of both parasitics and fringing fields [15]. Two 1- resis-
tors are used to convert currents to voltages because these values
as voltage are needed in the calculation at other ports.
For the reader’s reference, the time-domain form of (7) are
given by
(8)
where is the varactor capacitance when the gap equals
, is the Young’s Modulus, is the spring constant at
, is the creep compliance, is the electrostatic
force exerted on the varactor, and is the gap of the varactor.
B. Model Validation
The model validation is carried out by comparing the simu-
lated deflection and capacitance with the experimental data ob-
tained from an analog RF-MEMS varactor. While the model
validation is done with Ni varactors, any material system that
can be described by the Voigt–Kelvin model can be modeled in
a similar way.
The fabricated Ni RF-MEMS varactor is shown in Fig. 2(a)
and the cross section is illustrated in Fig. 2(b) [10]. It consists
of a 300 m 220 m Ni top plate and three Au bottom elec-
trodes. The 3- m-thick top plate is suspended using four sym-
metric suspension beams of about 200- m long. The initial gap
between the top and bottom electrodes is about 3 m. The top
plate is electrically grounded, and the bias voltage is applied to
the two electrodes at the sides. The center electrode is designed
for capacitance sensing. The measured pull-in voltage of this
varactor is approximately 44 V. No dielectric layers exist be-
tween the bottom electrodes and the Ni structure. In order to
prevent the varactor from being pulled in, the applied voltage is
kept lower than this pull-in voltage during the measurements.
The capacitance of the varactor is measured using the
AD7746 circuit from Analog Devices at room temperature
under the ambient pressure of 1 atm.1 It is a high-precision
capacitance-to-digital converter (CDC) composed with a 24-bit
modulator and a third-order digital filter. Careful
shielding and grounding is performed to minimize the mea-
surement noise and maximize the accuracy. The measurement
1AD7746 Capacitance to Digital Converter, Analog Devices Inc., Norwood,
MA. [Online]. Available: http://www.analog.com
Fig. 2. (a) Confocal microscope image of the fabricated analog RF-MEMS
varactor. The gap between the Ni plate and Au electrodes is 3  m. There are no
dielectric layers in this varactor. (b) Cross section of the RF-MEMS varactor.
The positions of the Ni top plate at     and  V are depicted in solid
and dashed line, respectively.
uncertainty is less than 200 aF [10]. A special bi-state bias
condition is employed to reveal the creep behavior of the
RF-MEM varactors. In the first state, the varactor is biased at
a constant voltage of 20 V for 60 min and its capacitance is
constantly being recorded at a rate of 5 samples/s. This voltage
may be an arbitrary value as long as it is lower than the pull-in
voltage. However, since the varactor gap decreases over time
due to creep and may be pulled in after a certain amount of
time, the authors set the bias voltage around half of the pull-in
voltage to avoid the potential risk. The bias voltage is removed
for 1 min in the second state and its capacitance is recorded as
well. This cycle is repeated for 760 h.
The creep compliance used in (7) is extracted from the afore-
mentioned varactor measurement and is plotted in Fig. 3. This
creep compliance is significantly extended to 760 h from the one
reported in [12]. These two creep compliances are in good agree-
ment in spite of the small differences in the time constants caused
by common batch-to-batch fabrication tolerances. The procedure
to obtain the creep compliance can be summarized as follows.
First, the gap and the electrostatic force of the varactor need to
be extracted from the measurement. This is accomplished with
an FEA code [15]. Second, based on (2), a hypothetical gap is
calculated using the Boltzmann superposition principle shown in
(4). Third, the parameters and in (2) are adjusted until this
hypothetical gap coincides with the actual extracted gap. A least
square fit and the Levenberg–Marquardt algorithm may be uti-
lized in the adjustment [16]. Finally, the parameters of the creep
compliance are obtained. They are listed in Table I.
Based on this creep compliance, the measured capacitance
and deflection of the fabricated varactor are plotted in Figs. 4
and 5, respectively, and are compared to the simulation results.
The measured capacitance and deflection in the first state is
shown in the biased curve. The unbiased curve represents the
1764 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 7, JULY 2011
Fig. 3. Creep compliance extracted from the 760-h measurement (red line in
online version). This creep compliance is employed in all simulations in this
work. It is in agreement with the creep compliance reported in [12] (blue line
in online version).
TABLE I
PARAMETERS OF CREEP COMPLIANCE
  is in GPa and  is in hours.
data measured in the second state. It is noted that the evolution
of the capacitance can be divided into two regions. In the first
region, between 0–70 h, the capacitance increases rapidly, while
in the second region, the slope approximates a constant. A slight
discrepancy can be found in the unbiased curve between 0–50
h. This small peak may be related to the residual stress and/or
measurement errors. The simulated -parameters of this var-
actor shunt to a 50- transmission line at 0, 10, 100, and 760 h
can be found in Fig. 6.
This CAD model shows excellent consistency with measure-
ments of both the biased and unbiased curves within the span of
the measured creep compliance. It reflects the viscoelastic be-
havior of the primary and secondary creep, and is capable of
calculating the response of RF-MEMS devices to an arbitrary
input based on the measured creep compliance. It is confirmed
that the legitimate period of this model is at least as long as
the measured creep compliance. It may be extended to a much
longer period until the occurrence of other phenomena such as
creep rupture that may not be captured in the employed creep
compliance. However, prediction of the effective period is be-
yond the scope of this paper.
III. TUNABLE RF-MEMS RESONATOR
A. Design
The presented CAD model can be utilized to show the RF be-
havior of a general class of RF MEMS circuits. In this section, we
start with an example of a tunable RF-MEMS resonator shown
Fig. 4. Measured (black) and simulated (red in online version) capacitance of
the RF-MEMS varactor over 760 h under a bi-state bias condition. Two regions
can be identified.
Fig. 5. Measured (black) and simulated (red in online version) deflection of the
RF-MEMS varactor over 760 h under a bi-state bias condition.
Fig. 6. Simulated -parameters of the RF-MEMS varactor at 0, 10, 100, and
760 h under a bi-state bias condition.
in Fig. 7. This resonator consists of a 50- coplanar waveguide
(CPW) resonator and two analog RF-MEMS varactors symmet-
rically loaded at both ends of the resonator. The bias voltage is ap-
pliedonthecenterconductorof theCPWresonatorviaahighlyre-
sistive SiCr bias line. The moving plate of the varactor is 200- m
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Fig. 7. Confocal microscope image of the tunable RF-MEMS resonator. The resonator consists of a 1270- m-long CPW resonator and two analog RF-MEMS
varactors. This picture is made by tiling ten images from the confocal microscope.
Fig.8. Schematicof the tunable resonator loadedwith twoRF-MEMSvaractors.
long and 120- m wide. The length and width of the suspension
beam are about 200 m and 20 m, respectively. The thickness of
the Ni varactor is 3 m and the measured pull-in voltage is about
75 V for a gap of 4.3 m. The anchor of the varactor is designed
to enhance adhesion to the Au lines.
The equivalent circuit of this tunable resonator is shown in
Fig. 8. The resonant frequency is a function of the capacitance
and position of the loaded varactor [17]. It is implicitly given by
(9)
where and are the equivalent electrical lengths of and
, and is the normalized total shunt susceptance, which is
mainly contributed by the varactors. The resonator is weakly
coupled to the feed-line and ground–signal–ground pads with
an open section of 30 m. In this paper, and are 150 and
485 m, respectively. The initial extracted using the FEA
model is 60 fF [15]. The center frequency is designed to be
tuned from 29 to 32 GHz. The tuning ratio is about 10%. The
simulated quality factor is about 35 [18].
B. Fabrication
The fabrication process of this tunable RF-MEMS res-
onator is shown in Fig. 9. The varactor is built on a -type
high-resistivity silicon substrate with a 500-nm-thick thermally
grown SiO film. A 100-nm-thick SiCr-film and an 1- m-thick
Au-film are sputtered and lifted off to define the CPW and
electrical connections of the resonator [see Fig. 9(a)]. The
anchors are then patterned through a 3- m-thick photoresist
sacrificial layer [see Fig. 9(b)]. The sacrificial layer is hard
baked at 190 C for 5 min for two reasons. First, hard baking
removes the residual solvent in the photoresist and prevents it
from outgassing. Second, better corner coverage of the seed
layer can be obtained by rounding the sharp corners of the
photoresist with hard baking. A seed layer of 50-nm sputtered
Ti and 30-nm evaporated Ni is deposited on the whole sample
[see Fig. 9(c)]. A 6- m-thick photoresist layer is shaped to form
the electroplating mold on the seed layer. The Ni electroplating
is carried out in a nickel–sulfamate bath at a temperature of
50 C and a pH value of 4. The average grain size is about
Fig. 9. Fabrication process of the tunable RF-MEMS resonator.
200 nm. A 3- m-thick Ni layer is electroplated on the seed
layer selectively based on the photoresist mold [see Fig. 9(d)].
The Ni and Ti seed layer are stripped with HCl H O
and HF H O at room temperature, respectively, after
the removal of the photoresist mold. The photoresist sacrificial
layer is removed by immersion in photoresist stripper 2000 at
75 C for 24 h. Finally, the fabrication process is completed
by drying in a critical-point dryer [see Fig. 9(e)]. According to
the confocal-microscope measurement, the initial gap of the
varactor is approximately 4.3 m instead of the nominal value
3 m because of the compressive residual-stress in the Ni layer.
C. Results
In this section, the -parameters of the tunable resonator are
measured. The resonant frequency and gap of the resonator are
extracted from the -parameters. The simulation results using
the presented CAD model are then compared to the measure-
ments. The RF measurements are performed using Agilent PNA
E3861C network analyzer. An on-wafer thru-reflect-load (TRL)
calibration kit is employed in this measurement setup.
The tunable RF-MEMS resonator is measured using a
bi-state bias condition. At the first state, a constant bias voltage
is applied to the varactor for 60 min. At the second state,
the bias voltage is removed for 1 min. This is a variation of
the constant-voltage bias condition that can be found in many
RF-MEMS applications. This variation provides insight into the
tuning range and dynamics of the tunable RF-MEMS devices.
The resonant frequencies at both biased and unbiased states are
depicted in Fig. 10. A curve-fitting technique is employed to
accurately estimate the resonant frequency and the measure-
ment error. The resonant frequencies are obtained by applying
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Fig. 10. Measured (black) and simulated (red in online version) resonant fre-
quency of the tunable RF-MEMS resonator over 80 h. The error bars indicate
the measurement uncertainty from the least square fit method.
Lorentzian curves to the measured with a least square fit
[19]. The corresponding uncertainty is also shown in Fig. 10.
Two regions can be identified in Fig. 10. In the first 3 h, the
frequency decreases rapidly. In the second region, the slope of
the frequency approximates a constant value after about 3 h.
Due to the creep behavior of the two RF-MEMS varactors, the
resonant frequency cannot revert to the initial frequency and is
determined by the loading history. The frequency shift is up
to 90 MHz, which occurs at the 80 h and 0 V. This imposes
two challenges to tunable RF-MEMS filters. First, the filter may
drift away from the desired frequency even though the designed
voltage is applied. Second, the filter may not be able to cover the
desired band after a long period of operation. For a bias voltage
of 0–40 V, the resonator tunes from 32.17 to 32.35 GHz at .
The range shifts to 32.11–32.26 GHz after operation of 80 h. The
change of the resonant frequency is expected to be even greater
if the full tuning range of the varactors (0–75 V) is used.
The gap of the varactor is depicted in Fig. 11. This gap is ex-
tracted from the measured -parameters using FEA tools [15],
[18]. The parasitics and fringing fields are included in the FEA
extraction. It is observed that the gap shifts up to 0.12 m in 80 h.
The CAD model can be used to simulate the time-dependent
resonant frequency and gap of the resonator at both the biased
and unbiased states, as shown in Figs. 10 and 11. The creep
compliance in Fig. 3 is employed in this simulation. Thus, this
creep compliance is obtained independently from the resonator
measurement. In addition, the creep compliance has been ob-
tained from varactors with pull-in voltages of 44 V, while the
varactors in the resonators have a pull-in voltage of 75 V. As
discussed in Section III-B, this resonator has an initial gap of
about 4.3 m instead of the nominal value of 3 m because of
the residual stress in the Ni layer. Hence, the pull-in voltage
is elevated. Good agreement between the CAD model and the
measurement is obtained. The differences are due to the fact that
the varactors used to extract the CAD model and the RF MEMS
resonators were fabricated 12 months away. The fabrication tol-
erances commonly found in MEMS fabrication during this time
period explain the small differences observed.
D. Duty Factor
In some practical applications, the RF-MEMS devices may
not be operated at a constant bias for a long time. Besides a
Fig. 11. FEA-extracted (black) and the simulated (red in online version) gap of
the tunable RF-MEMS resonator. In the simulation, the experimentally extracted
creep compliance is used in the presented CAD model.
constant voltage, the common bias waveforms include sawtooth
waves and square waves of various duty factors. The effect of
the duty factor in the input waveform can also be investigated
using the proposed CAD model. In the duty factor simulation,
the creep compliance in Fig. 3 is used. The duty factor of the
aforementioned bi-state bias condition is adjusted to 25%, 50%,
and 99%, respectively. Its period remains at 1 h.
The simulation results of the inputs of different duty factors
are shown in Fig. 12. For clarity, the upper and lower bounds of
the gap are indicated with the arrows on the right. It is observed
that the creep deformation is a function of the duty factor. For
the biased state, the deformation at the 80 h in the 99% case is
0.05 m, whereas in the 25% case, it is only 0.02 m. Similar
deformation behavior can be also found at the unbiased state.
There are two facts that cause the reduced deformation at low
duty factors in Fig. 12. First, the creep deformation is increased
according to the duration of the biased state. The total deforma-
tion is accumulated in each cycle. Thus, at higher duty factors,
the deformation accumulation is faster. Second, strain recovery
takes place in the unbiased state. Strain recovery is the process
that the material returns to its original state against creep de-
formation after the applied force is removed. Significant strain
recovery is reported in nanocrystalline metals at room temper-
ature [20]. In the 99% case, the duration of the unbiased state
is very short and the recovery is negligible. However, the re-
covery is more pronounced at lower duty factors as the 25% and
50% cases shown in Fig. 12. The creep deformation is reduced
slightly at the unbiased state. Therefore, only a portion of the
deformation is accumulated in each cycle and the total defor-
mation increases in a lower rate. It is also shown that both creep
deformation and strain recovery may need to be considered in
the evaluation of the long-term behavior of RF-MEMS devices.
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Fig. 12. Simulated gap of the tunable RF-MEMS resonator when the duty
factor is 25% (black), 50% (blue in online version), and 99% (red in online ver-
sion), respectively. The arrows on the right indicate the upper and lower bounds
of the gap.
Fig. 13. Schematic of distributed RF-MEMS phase shifter. A CPW transmis-
sion line is loaded with ten RF-MEMS varactors with equal spacing.
IV. RF-MEMS PHASE SHIFTER
The second example presented here is an analog RF-MEMS
phase shifter. The phase shifter is implemented in ADS using
the presented creep CAD model. This distributed MEMS phase
shifter consists of an 1.5-cm-long CPW on a quartz substrate
and ten equally spaced RF-MEMS varactors, as
shown in Fig. 13. The width and spacing of this CPW is 150 and
200 m, respectively, resulting in a characteristic impedance of
104 . The effective characteristic impedance of this MEMS
phase shifter ranges from 48 to 52 in the tuning range of
these varactors. The design equations can be found in [21]. The
area and spring constant of these varactors are 40 000 m and
51 N/m. The initial gap is 4.3 m. The suspension beam design
is identical to the varactor in Section III.
A sawtooth bias waveform is applied to the varactors in order
to study the creep behavior of this phase shifter in scanning ap-
plications such as phase-array antennas. This input waveform
starts at 0 V and increases linearly to 65 V with a period of
1 s. For comparison, the pull-in voltage of the varactor is 75 V.
The simulated capacitance, as well as the input waveform, are
Fig. 14. Simulated capacitance of the varactors in the RF-MEMS phase shifter.
The phase shifter is loaded with a sawtooth bias waveform.
Fig. 15. Simulated: (a) magnitude and (b) phase of the RF-MEMS phase shifter
at the 0, 10, 100, and 760 h under a sawtooth bias waveform of 0–65 V.
shown in Fig. 14. Two observations can be made in Fig. 14 re-
garding creep. First, the change of the capacitance over time is
affected by the input waveform. Compared to Fig. 4, region I
lasts a shorter amount of time and the slope in region II is lower
because of the sawtooth waveform. Second, the input waveform
and the capacitance are synchronized.
The simulated -parameters and phases are depicted in
Fig. 15 to show the creep behavior of this distributed MEMS
phase shifter under the sawtooth excitation. The simulated
-parameters indicate that insertion/return loss are degraded
slightly and the Bragg frequency of this phase shifter is lowered
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in its long-term operation of 760 h. The phase shift at 20 GHz
is increased by 14.3 when the applied voltage is 65 V due to
creep, while the phase shift at is raised by 2.9 after
760 h.
V. CONCLUSION
A CAD model for creep in RF-MEMS devices is presented
and is demonstrated to accurately describe their long-term
behavior. Based on the creep compliance, the time-dependent
gap and capacitance of an RF-MEMS varactor under arbitrary
voltage input can be calculated using this model. This CAD
model is validated with experimental data for 760 h and very
good consistency is obtained. The creep behavior of a tunable
RF-MEMS resonator has been characterized using direct RF
measurements and compared to the presented model. The
evolution of resonant frequency and tuning range under a
bi-state bias condition over 80 h are presented. The resonant
frequency and the varactor gap shifted by 90 MHz and 0.12 m,
respectively. The effects of the duty factor of the bias condition
is studied. It is shown that the behavior of the RF-MEMS
devices under certain input waveforms may be affected by both
creep deformation and recovery. A simulation of a distributed
RF-MEMS phase shifter operated using a sawtooth input is
carried out using this model. The simulated -parameters and
phase of this phase shifter are obtained. The effectiveness
and usefulness of this model is demonstrated with the tunable
RF-MEMS resonator and the RF-MEMS phase shifter. This
model may be utilized to perform simulations on various kinds
of RF-MEMS devices and higher level systems. It may have
critical value to designers of RF-MEMS devices/circuits with
high reliability.
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